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We present a class of compact, fluid-based, interferometric, tunable optical components: the
single-beam microfluidic Mach–Zender interferometer. Phase delay is achieved through light
propagation across a fluid–air interface (meniscus). The effect of meniscus curvature on the device
transmission is considered using the three-dimensional beam propagation method and shown to be
an important device parameter. We engineer the meniscus curvature using monomer surface
chemistry, rendering it flat, and find that the experimental response corresponds well with
simulation. The device has a resonance at 1.3 mm with a 25 dB extinction ratio; the latter can be
adjusted by shifting the meniscus position. © 2005 American Institute of Physics.
[DOI: 10.1063/1.1849415]
The drive toward the next generation of optical compo-
nentry requires devices to be compact for large scale integra-
tion and tunable to achieve a greater degree of functionality,
as recent demonstrations attest.1 An emerging technology to
achieve these ends is microfluidics: the utilization of femto-
liter volumes of fluid for optical modulation.2–4 Traditionally
used in the biosciences for small–sample analysis, microflu-
idics has several attractive aspects in application to optics.
First, fluids are a mobile phase, which allows for the infiltra-
tion of any void in a device and tunability through motion of
the fluid body. As well as refractive index modulation, the
fluids may incorporate a gain medium,5 be a liquid crystal6
or be multiphase, all of which add to the functionality of the
device. Second, the refractive index contrast between a fluid
and the surrounding air can be quite large, providing much
higher phase delays for interferometric devices in a more
compact space than can be achieved by regular electro-optic
modulation. Finally, the shape of the fluid–air interface
(meniscus) can be engineered dynamically through
electro-wetting7 or statically through surface treatments, pro-
viding the basis for focusing optics or tunable attenuation,
for example, an electro-wetting based tunable fluid lens was
recently reported.8
In this letter, we introduce a class of highly compact,
tunable, interferometric, fluid-based devices that achieve
phase difference by propagating a beam across a fluid me-
niscus. Using this principle we demonstrate a single-beam,
compact, microfluidic Mach–Zender interferometer, which
utilizes the high refractive index contrast across a fluid me-
niscus to achieve compactness. Tunability is provided
through the mobility of the fluid phase, allowing the strength
of the interferometric resonance to be adjusted. We explore
the effect of meniscus shape through simulation using three-
dimensional beam propagation method simulations. In accor-
dance with the results of these simulations, we use a surface
treatment to engineer the shape of the meniscus to optimize
the device performance. We found good agreement between
the simulated and experimental response of the device, for
which we observe a tunable resonance with an extinction
ratio of 25 dB, out-of-resonance loss of less than 3 dB,
which is adjustable using meniscus position, as outlined in
the following.
Figure 1(a) illustrates schematically, in thick black lines,
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FIG. 1. (a) Top-down schematic representation of the canonical Mach–
Zender interferometer superimposed on a schematic representation of the
single beam fluid Mach–Zender interferometer. (b) A representative re-
sponse of the single beam interferometer for several values of meniscus
detuning. Notice the strong resonance at 1.3 mm. The small figures on the
right give an indication of the degree of displacement; a=0, 13 ,
2
3 and 1 times
the 4 mm incident beam radius.
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the canonical Mach–Zender interferometer. Incident light is
split into two beams, one of which undergoes some phase
delay relative to the other, which are then recombined, the
delay manifesting itself as an interference in the output in-
tensity, described by
I = I1 + I2 + 2 cossdd˛I1I2, s1d
where In is the intensity in each arm, I is the observed inten-
sity at the output, d is the detuning, given by d=2phDn /l
where h is the path length of the interferometer, Dn is the
refractive contrast between the two paths, and l is wave-
length. Figure 1(a) also shows a top-down schematic of the
single beam interferometer we present here, the correspond-
ing components of the traditional and single-beam Mach–
Zenders are superimposed. An optical beam from a single-
mode fiber (SMF) propagates across a fluid meniscus in a
square capillary, after which it is collected by another SMF
and is analyzed on an optical spectrum analyzer. Instead of
splitting the beam into two spatially separated components
(as is done in a conventional Mach–Zender), this device uses
a single beam sectioned by a fluid meniscus. One part of the
beam propagates in air and the other part propagates in fluid,
which introduces a phase delay between the two sections of
the beam. The beam then interferes with itself, creating a
Mach–Zender-type response.9 As the fluid is a mobile phase,
the position of the meniscus can be moved within the beam,
sectioning the beam into different areas. This sectioning is
represented by a, the displacement of the meniscus away
from the center of the beam, indicated in Fig. 1(a). This
consideration gives an output intensity described by
I = I0sA0 + 2˛A1sadfA0 − A1sadgcos dd , s2d
where A0 is the total area of the beam, A1sad is the sectioned
area of the beam as a function of the displacement a, and I0
is the intensity of the incident beam.
Figure 1(b) illustrates the optical response calculated us-
ing Eq. (2), for a=0, 13 ,
2
3 and 1 times the 4 mm incident
beam radius fA0=ps4 mmd2g, which are shown schemati-
cally to the right of the figure. These calculations are based
around the parameters used in the experiment, described in
the following, and assuming a flat meniscus. At optimum
meniscus displacement, a 25 dB deep resonance is seen at a
wavelength of 1.3 mm. Note that the maximum resonance
occurs for a displacement of zero, and is strongly attenuated
as the displacement becomes the same as the beam radius.
This simple analytical model predicts the general behavior of
such a device, but neglects such effects as beam divergence
and the meniscus shape. For this, we turn to numerical simu-
lation, described in the following.
Figure 2 shows a side-on schematic of the specific de-
vice embodiment we use for this demonstration. A square
silica capillary, with core width of 10 mm and outer width of
80 mm, is placed between two SMFs. De-ionized water is
inserted into the capillary, and the meniscus is placed in the
middle of the beam. Assuming the standard refractive index
of water at RTP, n=1.33, Dn=0.33 in the interferometer. The
fluid plug is moved using a pressure differential created by a
syringe pump. Shown inset in Fig. 2 is a close-up of the fluid
inside the square capillary. A highly curved meniscus can be
seen, with a fluid contact angle [u in Fig. 1(a)] of approxi-
mately 40°. This strong curvature arises from the hydrophilic
nature of the interaction between water and silica. The spatial
extent of this meniscus is approximately the size of the
beam, so the effect of meniscus curvature on the device war-
rants investigation.
To explore the effect of meniscus curvature, we use the
three-dimensional (3D) BPM to model various states of wet-
ting, from contact angles of 40°, the untreated state of water
on silica, to 90°. Figure 3 (top) shows the field output from a
simulation of the device with a 40° meniscus contact angle,
at a wavelength of 1.075 mm, illustrating scattering off the
curved surface which directs the beam away from the probe
SMF. In contrast, Fig. 3 (bottom) shows the field output from
a meniscus with a 90° contact angle, showing high direction-
ality of the output beam toward the SMF. We find that the
insertion loss is minimized for a flat meniscus and increases
rapidly for increasing curvature. In view of these results, we
engineer the meniscus to be flat for optimum device perfor-
mance.
We engineer the meniscus shape by chemically treating
the surface of the silica capillary. We employ silanization, the
attachment of an organo-silane to the glass surface. This pro-
cess is well suited for treatment of optical surfaces as it
forms a silica monomer on the surface of the glass, which is
extremely strong and only one molecule thin. This thinness
ensures the optical properties of the capillary remain un-
changed. The nature of the organic part of the molecule gov-
FIG. 2. Side-on schematic of the device; indicated dimensions are those of
the experimental device, which are used in the calculation in Fig. 1(b). Inset:
a close-up of the curved meniscus inside the square capillary.
FIG. 3. (Top) Field output from the 3D BPM for a meniscus angle of 40°,
displaying meniscus scattering away from the probe SMF. (Bottom) Field
output from the 3D BPM for a meniscus angle of 90°, displaying a low
degree of scattering. In both frames the position of the SMFs, the square
capillary, and the meniscus are shown in white.
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erns the wetting angle of the fluid. In this case, we use dode-
clytrischlorosilane, which implants a C12 chain on the glass
surface, resulting in a 90° contact angle with water. Shown
inset in Fig. 4 is a photograph of the meniscus in the treated
capillary, which is now flat.
Figure 4 shows the experimentally obtained spectra
compared with numerical simulation of the device with a flat
meniscus. There is a strong resonance observed at 1.3 mm,
as predicted by the analytical model described in Eq. (2). We
see good agreement between numerical simulation and the
experimental spectra. Shown also is the experimental spectra
for the untreated meniscus, showing a much higher insertion
loss from the meniscus scattering. The offset of the reso-
nance in this graph arises from the different value of h en-
countered when propagating across the curved surface. Fig-
ure 5 shows a comparison between the strength of the
resonance and meniscus displacement, from both simulation
and experiment. From simulation, the maximum resonance
strength is found at zero displacement and rapidly decreases
on either side and the experimental characterization reflects
this trend. As the displacement of the meniscus is dependent
on the pressure gradient across the fluid plug, it is possible to
utilize this device as a means of highly sensitive, compact
ambient pressure sensing. Conversely, this high pressure sen-
sitivity means that the device, when used as an optical filter,
is highly dependent on local conditions.
This device relies on the application of microfluidics to
achieve the necessary optical interferometric path difference.
Compared to the planar waveguide optical delay line10 or
the proposed photonic crystal integrated Mach–Zender
interferometer,11 the microfluidic Mach–Zender has compa-
rable extinction ratios (−30 and −22 dB, respectively, as
compared to −25 dB for the microfluidic device). The mi-
crofluidic interferometer is far more compact than the wave-
guide delay line, which occupies millimeters squared of area
and is comparable to the photonic crystal Mach–Zender
(18 mm by 18 mm). The advantage of the microfluidic de-
vice is its degree of tunability, through the above-outlined
mechanisms, or through the modulation of the meniscus cur-
vature via electrowetting.
In conclusion, a highly compact fluid-based Mach–
Zender interferometer has been demonstrated. We have ex-
amined the effect of meniscus curvature on the optical per-
formance of the device, through simulation, and created a
flat, low loss, meniscus using monomer surface chemistry.
The resulting device displays a response very closely match-
ing that predicted by simulation. The effect of the position of
the meniscus in the beam is also demonstrated, and also
matched the trend predicted by simulation. Since the menis-
cus position is dependent upon external pressure gradients,
this device may also have application as a pressure sensor.
Further enhancements of this device may be integration onto
a planar platform and dynamic refractive index tuning
through the use of liquid crystals. This device has compa-
rable optical performance to the state-of-the-art planar inter-
ferometers, with the advantage of multiple degrees of tun-
ability.
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FIG. 4. Experimental vs 3D BPM simulation results for the case of the flat
meniscus. Notice the good agreement between simulation and experiment.
Also shown is the experimental spectrum for the curved meniscus, illustrat-
ing the high insertion loss. Inset: a photograph of the now flat meniscus.
FIG. 5. Resonance strength against meniscus detuning, for both experiment
and simulation. The general trend of the experiment is predicted, lending
this geometry to use as a pressure sensor.
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